Introduction
Iron, which is one of the most important essential elements for the human organism, has a role as a co-factor in several vital metabolic reactions. Iron deficiency is the most commonly observed metabolic dysfunction, as iron is not only associated with haemoglobin and myoglobin functions, but simultaneously acts in various stages correlated with protection and obtaining energy (1) .
As well as iron deficiency, excessive iron in the body is a base for metabolic impairments. The accumulation of iron in tissues and organs throughout treatment in myelodysplastic syndrome, and β thalassemia patients who require regular blood transfusions, causes tissue damage (2) . The iron accumulation observed in the liver, myocardium, the pancreas, hypophysis and joints, is often together with loss of organ function in advanced stages and leads to life-threatening complications (3) .
Various tests are currently used to show the amount of body iron content, including invasive laboratory tests. As they can be applied in the majority of centres and are relatively cheap, the total blood count, serum iron concentration, total iron-binding capacity (TIBC), transferrin saturation percentage (TS) and serum ferritin level form the basis of these tests. Although their clinical use remains limited, advanced tests showing iron deficiency at a cellular level and serum-free transferrin receptor level, which is not affected by the acute phase response, are used for research. The best clinical test showing iron status is the invasive method of bone marrow aspiration stained with Prussian blue. In addition, there are other tests, including magnetic resonance imaging and organ needle biopsy, which are used to show iron accumulation in the organs (4) .
Previous studies have shown that hair mineral analysis can be used as a good marker of body mineral levels. However, there are extremely limited studies associated with hair iron concentration used as a marker of body iron content. The limited number of studies has not shown a clear association and have emphasized the requirement for more research.
In the present study, whether or not hair iron concentration can be used as a marker of body iron content was investigated.
Measurement of hair iron concentration as a marker of body iron content
In this context, it was aimed to define the possible association between blood parameters and hair iron concentration in patient groups with different body iron contents.
Materials and methods
Study subjects. The study population comprised patients with iron deficiency anaemia and transfusion-related anaemia that showed a difference in body iron content, who were being followed up in the Haematology Department of Internal Medicine at Erciyes University Medical Faculty and Kayseri Training and Research Hospital (Kayseri, Turkey) between September 2010 and October 2011. The control group was formed of age and gender-matched subjects with no history of underlying disease. The transfusion-related anaemia group, with an excessive amount of body iron, comprised of 20 patients diagnosed with myelodysplastic syndrome or β thalassemia from erythrocyte suspension of ≥30 units. The iron deficiency anaemia group comprised of 25 patients and the control group comprised of 21 healthy subjects were evaluated as within the reference values of TS and ferritin levels. Any cases who were pregnant; had a history of acute or chronic inflammatory disease, malignant disease, infection or renal failure; had any underlying disease, such as malabsorption syndrome, which affected serum iron and ferritin levels; or any disease associated with the hair or scalp that affected the hair iron concentration, were excluded from the study. Serum iron, TIBC, TS, ferritin and hair iron concentration were examined in all the cases together with haemoglobin, haematocrit and erythrocyte markers, such as mean erythrocyte volume (MCV), mean erythrocyte haemoglobin (MCH), MCH concentration (MCHC) and erythrocyte distribution width (RDW). TS was calculated using the formula of serum iron / iron-binding capacity x 100. The diagnosis of iron deficiency anaemia was made according to the World Health Organization criteria (5) . Haemoglobin was accepted as <13 g/dl in males and <12 g/dl in females. Iron deficiency anaemia cases were classified according to reference intervals, as serum iron low, TIBC high; transferrin saturation <15% and serum ferritin <15 ng/dl. Blood sampling. Fasting blood samples were taken in the morning. Full blood count was assayed using an automatic electronic full blood count analyser (Siemens Advia 2120; Siemens Healthcare Diagnostics, Deerfield, IL, USA), serum iron and iron-binding capacity using a biochemical analyser (Siemens Advia 1800 Chemistry System; Siemens Healthcare Diagnostics) and ferritin using a hormone analyser ADVIA Centaur XP (Siemens Healthcare Diagnostics, Deerfield, IL, USA).
Hair sampling. Prior to the hair sampling process, no history of cosmetic hair application, such as lightening, dyeing or perm, was found in any of the cases. The hair samples in the patient and control groups were obtained with stainless steel scissors from the occipital area as far as the proximal section. Each sample collected was stored in an autosealable polythene bag and washed sequentially with acetone, deionized water and acetone, using three successive portions. Subsequently, the samples were dried in an oven at 80˚C. Each hair sample, weighing 250 mg, was transferred into a digestion vessel of 10 ml capacity and concentrated nitric acid (5 ml) was pipetted into the vessel. The samples were diluted with 65 % (v/v) nitric oxide in a microwave oven (Berghof Speedwave, Eningen, Germany). Analytic techniques were applied with Agilent 7500a Inductively Coupled Mass Spectrometer (Agilent Technologies, Tokyo, Japan). Digestion solutions were diluted and analyzed on an Agilent 7500a series ICP/MS. For the quality control, the concentration of internal standards 200 ppb (9Be,45Sc,103Rh,208Bi) and reference materials were run together with the samples and before the analyses tune parameters were cotrolled. To obtain the detection limit of each element the axis cut point of the calibration line was used. It was also important to ensure the linear rank of the methodology analyzing different standards with low and high known concentrations of each element (0, 1, 5, 10, 20, 30, 40 and 50 ppb). At least five different reference materials covering all the elements in the study were used. Duplicate samples were also used in order to determine precision of the analysis. For the iron element a minimum of three standards were used to cover the analytical working range of the instrument. Ultrapure water was used to prepare calibration standards and blanks, and three replicate determinations were performed for each sample. From all the sample results, a reagent blank was subtracted. Detection limits were calculated as three times the standard deviation for the reagent blanks. LODs value (in microgram per milliliter) was 0.0008 (Fe). Hair concentrations were evaluated as micrograms per gram.
Statistical analysis. Data were analysed using SPSS v20 software statistical program (IBM Corp, Armonk, NY, USA). In the evaluation of statistical differences between groups of numerical values with normal distribution, one-way analysis of variance was used. In the statistical evaluation between groups of parameters such as age, haemoglobin, MCV, MCH, MCHC, RDW, serum iron, hair iron levels and TS, which did not return to normal distribution despite logarithmic transformation, the Kruskal-Wallis test was used. In all the statistical tests, a value of P<0.05 was considered to indicate a statistically significant difference.
Results
Patient characteristics. The mean age was 33 (range, 14-48 years) in the iron deficiency anaemia group, 22 (range, 15-75 years) in the transfusion-related anaemia group and 28 (range, 13-42 years) in the control group. The degree of statistical significance of these findings together with the haematological and biochemical findings of the cases is shown in Table I . According to this, a statistically significant difference was found between the groups in all parameters except for age (Table I) .
Hair iron concentration. The mean hair iron 56 Fe and 57 Fe concentrations of the iron deficiency group were measured as 5.08 and 6.03 µg/g, respectively, and in the transfusion-related anaemia group these values were 28.88 and 29.44 µg/g, respectively. In the control group, the mean hair iron 56 Fe and 57 Fe concentrations were measured as 12.01 and 17.62 µg/g, respectively. The highest hair iron concentration of the ferritin value (89.41 µg/g) was observed in transfusion-related anaemia patients, whereas the lowest hair iron concentration (0.77 µg/g) was determined in the iron deficiency anaemia group. The differences between the three groups with respect to hair iron 56 Fe and 57 Fe concentrations were found to be statistically significant ( Figs. 1 and 2) .
Statistical analysis. Correlation analysis applied to the parameters showed a strong positive correlation between hair iron 56 Fe and 57 Fe (r= 0.776, P<0.001). A statistically significant positive correlation was determined between hair iron 56 Fe and 57 Fe concentrations and serum iron, ferritin level, transferrin saturation, MCV and MCH values. A statistically significant negative correlation was determined between hair iron 56 Fe and 57 Fe concentratons and TIBC. The results of the correlation analysis are shown in Table II .
Discussion
Various tests are in current use, including invasive laboratory tests, to show the status of body iron, which has a role in numerous vital functions. In the most widely-used test of serum ferritin level, the body iron status may not be accurately reflected due to various conditions, including pregnancy, acute or chronic inflammatory disease, malignancy, infection, renal failure or malabsorption syndrome.
The hair appears to function as a potential depot for trace elements entering the body. Hair mineral levels are significant in terms of showing the basic composition of minerals accumulated over a long time period. Therefore, hair is a good biopsy material for the accurate evaluation of trace elements. Previous studies have shown that there is a significant correlation between basic elements found in the body and the hair, and in this context hair mineral analysis can be used as a good marker of body mineral levels (5, 6) . In comparison with other methods investigating body mineral levels, hair mineral analysis has long-term stability and is not immediately affected by changes in mineral intake (7) . This is important with respect to being able to accurately reflect the body iron status in several different circumstances. However, the specifications of hair iron concentration necessitate a strict sampling regime and as this is not practical, clinical use is limited. There are extremely few data associated with the use of hair iron concentration to define body iron status. In a study by Duffield and Green (8) in 1956, it was concluded that hair iron concentration may not provide sufficient information regarding total body iron. In 1971, Lovric and Pepper (9) conducted a study measuring the iron content of various hair segments of children with iron deficiency and iron overload and concluded that there was no significant association between the groups with respect to hair iron concentration. However, in the following years, Bisse et al (1) proposed that hair iron concentration may be useful in the evaluation of body iron status and stated that further studies were required on this subject (1) .
In the present study, the difference in body iron content shown between the iron deficiency anaemia group and the transfusion-related anaemia group showed a significant difference with respect to hair iron concentrations. The highest hair iron concentration (89.41 µg/g) of the highest ferritin value was observed in the transfusion-related anaemia patient group and the lowest hair iron concentration (0.77 µg/g) was determined in the iron deficiency anaemia group (P<0.001). In addition, a positive correlation was determined between hair iron 56 Fe and 57 Fe concentrations and serum iron, ferritin level, transferrin saturation, MCV and MCH values, which are the most important parameters showing body iron content. A statistically significant negative correlation was determined with TIBC.
The factors that can restrict the measurement of hair iron include the diversity shown in scalp and hair samples, different lengths of hair samples that may affect results, the possibility of environmental contamination and that hair iron concentration reference intervals have not been clearly defined. Other factors limiting the clinical application of hair iron measurement are that the measurement requires a strict sampling regime and non-invasive magnetic resonance imaging is mainly able to evaluate mineral density in solid tissue. However, it is important that the results of the present study have shown a significant association between body iron content laboratory markers and hair iron concentrations, and thus demonstrate that hair sampling can be used as a marker of body iron content. As it is not known what type of association there is between the iron content of solid organs and hair iron concentration in cases of increased iron accumulation, there is a requirement for future studies to show how hair iron is affected and what the association is between hair iron concentration and iron levels in other solid organs when ferritin acts as an acute phase reactant.
In conclusion, the present study has shown that patient groups with different body iron content showed a significant difference in hair iron concentration and these values were correlated with laboratory markers of body iron content. These results support the view that hair sampling can be used as a marker of body iron content.
